Morphing, which changes the shape and configuration of an aircraft, is being adopted to expand mission capabilities of aircraft. The introduction of biologically-inspired morphing is particularly attractive in that highly-agile birds present examples of aerodynamically-effective shapes. This paper introduces an aircraft with a multiple-joint design that allows variations in sweep to mimic some shapes observed in birds. These variations are independent on the left and right wings along with on the inboard and outboard sections. The aircraft is designed and analyzed to demonstrate the range of flight dynamics which result from the morphing. In particular, the vehicle is shown to have enhanced turning capabilities and crosswind rejection which are certainly critical metrics for the urban environments in which these aircraft are anticipated to operate.
This paper introduces a variable-sweep aircraft that mimics properties of a seagull. This aircraft builds upon the elbow and wrist concept used for the variable-gull aircraft; however, this new aircraft rotates the wings back and forth instead of up and down. The resulting vehicle can independently change the sweep angle of both inboard and outboard wing sections. Additionally, the independence of separate actuation for right and left wings allows both symmetric and asymmetric configurations to be flown.
The aerodynamics and associated flight dynamics are analyzed for the vehicle across a range of sweep configurations. A set of parameters are computed that relate both stability properties and performance characteristics of the configurations. Most importantly, the ability of the vehicle to minimize turn radius for urban maneuvering and maximize angle of sideslip for sensor pointing in a crosswind are shown to be significantly enhanced using the degrees of freedom associated with the independent multi-joint structure. Some observations from flight testing are related; however, the detailed analysis of the flight dynamics result entirely from computational aerodynamics and simulations.
BIOLOGICAL INSPIRATION
The seagull is a logical choice from which to derive biological inspiration since it is so adept at agile flying in windy conditions. Such birds are routinely seen tracking boats, diving to catch prey, and landing on buoys despite heavy winds and strong gusts from different directions. Most importantly, they frequently use gliding flight so their aerodynamics can be adopted for fixed-wing aircraft. The missions envisioned for a miniature air vehicle require a similar set of abilities; therefore, a biomimetic approach is warranted.
The skeletal structure of the seagull is a critical component that enables flight capability. This structure consists of a shoulder along with elbow and wrist; however, the upper-arm bone is relatively short so the motion can be loosely approximated by using only a shoulder and wrist. The rotation about the joints alters the wing configuration, as shown in Figure 1 , and associated angles such as dihedral and sweep.
A variety of configurations are observed in seagulls due to rotation about the elbow and wrist. One set of configurations uses different rotations of elbow and wrist which causes different sweep of the inboard and outboard sections. Another set of configurations uses different rotations of the left and right wings to generate distinctly asymmetric shapes.
Emphasis in this paper is placed on the relationship between wing sweep and maneuvers. The sweep is already a design parameter whose effects on aerodynamics are understood for traditional aircraft 11 ; however, the study of birds provides additional insight into the performance that may be achievable using independent multi-joint sweep. In this case, the correlations between sweep and dive are augmented with correlations between sweep and agility for both turning and trimming. 
DESIGN A. Mechanical Design
A vehicle which features the independent multi-joint capability is designed. The basic construction uses skeletal members of a prepregnated, bi-directional carbon fiber weave along with rip-stop nylon. The fuselage and wings are entirely constructed of the weave while the tail features carbon spars covered with nylon. The resulting structure is durable but lightweight.
The wings actually consist of separate sections which are connected to the fuselage and each other through a system of spars and joints. These joints, as shown in Figure 2 , are representative of an elbow and wrist which serve to vary the sweep of inboard and outboard. Placement of each joint, along the wing, was determined by direct proportional comparison to that of a seagull's anatomy. The range of horizontal motion admitted by these joints is approximately ±30 deg.
Figure 2. Joints on Wing
It is noted that conventional aileron control surfaces are omitted from the aircraft's final design. This feature is a direct result of span-wise inconsistencies created by the dynamic range of morphing configurations. Therefore, the wrist joints are designed in such a manner that they allow both horizontal sweep and rolling twist 12 . This motion is accomplished by creating a floating joint that closely mimics the various ranges of motion attainable by an automobile's universal joint, as shown if Figure 3 . The wing surface must be kept continuous for any configuration of sweeping because of aerodynamic concerns. This vehicle ensures such continuity by layering feather-like structures, as shown in Figure  4 , within the joint. These structures retract onto each other under the wing when both the inboard and outboard are swept back. Conversely, they create a fan-like cover across the ensuing gap when the inboard is swept back and the outboard is swept forward. The contraction and expansion of the surface area created by these structures is smoothly maintained by a tract and runner system implemented on the outer regions of each member, as seen in Figure 5 .
Spars, formed from hollow shafts of carbon fiber, are placed along the leading edge of each wing. These spars act as both a rigid source to maintain the leading-edge curvature and a connection of each independent wing joint. The inboard spar is translated horizontally by a servo-driven linear actuator located inside the fuselage. The inboard spar is then connected to the inboard wing section at the elbow joint located on the outside of the fuselage. The inboard spar then connects at the wrist joint to outboard spar at roughly the quarter-span point. The outboard wing region is activated independently of the inboard region by means of a servo attached at the wrist. An illustration of the spar configuration, with corresponding attachment points, can be seen in Figure 6 . 
B. Technical Specifications
The vehicle's fixed-wing design includes a fuselage and empennage for a total weight of 596 g. The fuselage has a total length of 48 cm and is composed of a cylindical bay with largest diameter of 7 cm that stretches for 30 cm and a boom with diamter of 1 cm that stretches for 18 cm. The wings are mounted on the top of the cylindrical bay while the avionics are mounted inside the cylindrical bay. The components of the empennage, including the elevator and rudder which act as control surfaces, are described in Table 1 .
Reference parameters for the morphing wing vary based on sweep configuration. A representative set of these parameters are given in Table 2 for a limited set of symmetric configurations in which the left and right wings have identical sweep. The avionics consists of actuators and a motor. A set of eight Hitech HS-65MG metal gear servos provide actuation and are distributed as three servos to control the inboard sweep, outboard sweep and wing twist of each wing along with two servos to control the elevator and rudder. The motor is an Eflight six-series brushless electric motor powered by a three-cell Thunder Power Li-polymer 2100 mAh battery.
MODELING A. Computations
The flight dynamics are analyzed using Athena Vortex Lattice, AVL, to estimate the aerodynamics 13 . This low-order code makes assumptions that the flow is incompressible and inviscid; however, it is widely used in the community and is particularly accurate for analyzing micro air vehicles with thin wings 14 , 15 , 16 , 17 , 18, 19 , 20 , 21 , 22 , 23 . The aerodynamics of the wings are estimated along with flow associated with slender bodies such as the fuselage. AVL assumes quasi-steady flow so unsteady vorticity shedding is neglected. More precisely, it assumes the limit of small reduced frequency which means that any oscillatory motion must be slow enough so that the period of oscillation is much longer than the time it takes the flow to traverse an airfoil chord. This assumption is valid for virtually any expected flight maneuver of the vehicle. Also, the rates in roll,pitch and yaw used in the computations must be slow enough so that the resulting relative flow angles are small as judged by the dimensionless rotation rate parameters.
The modeling is restricted to consideration of trim associated with straight and level flight. The airspeed at trim is fixed at 15 m/s for all configurations of sweep.
B. Sweep Determination
This vehicle is able to achieve a wide range of sweep orientations in both symmetric and asymmetric configurations. Some representative configurations are shown in Figure 7 to demonstrate the range.
Figure 7. Sweep Configurations
A coordinate system is defined to facilitate the proper description of each configuration. Sweep angles associated with the inboard sections are denoted as µ 1 for the right wing and µ 3 for the left wing as the outboard sections use µ 2 for the right wing and µ 4 for the left wing. These angles, as shown in Figure  8 , are defined relative to a reference line that is perpendicular to the fuselage centerline. As such, a positive angle indicates a backward sweep of that wing section.
Aerodynamics A. Symmetric Configurations
The aerodynamics are computationally evaluated for symmetric configurations in which the sweep of the right wing is equivalent to the sweep of the left wing. As such, the angles in Figure 8 are constrained such that µ 1 = µ 3 and µ 2 = µ 4 . A set of representative data is presented that is particularly informative with respect to static stability and basic aerodynamics. The variation of lift with respect to angle of attack is shown in Figure 9 for a range of sweep configurations. The data show that the aircraft obtains its highest C L α along a ridge line correlating to equal but opposite sweep of inboard and outboard. Conversely, this derivative decreases significantly for configurations of inboard and outboard being both swept back or both swept forward. As such, the lift is more dependent on angle of attack by utilizing the additional degree provided by the wrist to oppose the sweep of the elbow. Another longitudinal parameter, C m α , is shown in Figure 10 for the sweep configurations. This parameter is directly indicative of the static stability; consequently, the positive values indicate the aircraft becomes more statically unstable as the wings are gradually swept forward. This instability is demonstrative of the aerodynamic center being moved in the same direction as the wings due to the sweep angle.
The damping-in-roll derivative, to which C l p is commonly referred, is shown in Figure 11 for the configuration space. A roll rate causes variations in angle of attack along the span of the wing which creates a rolling moment. This derivative is negative for all sweep configurations, with the largest valued magnitudes occurring in regions corresponding to configurations with equal but opposite sweep of the inboard and outboard sections. The magnitude decreases for configurations with inboard and outboard being both forward swept or both backward swept which suggests a potentiality to auto-rotate or spin.
The vehicle has directional static stability as evidenced by the data in Figure 12 for all symmetric configurations. This data relates the derivative of yaw moment with angle of sideslip whose positivity demonstrates the stability condition. The stability is increased as the backward sweep increases because the stabilizing contributions of the fuselage and vertical tail dominate as the wing loses effectiveness. 
B. Asymmetric Configurations
The aerodynamics are also computed for a set of asymmetric configurations in which the right wing and left wing have different sweep. The independence of inboard and outboard on each wing presents a set of configurations with 4 degrees of freedom; consequently, the data must be restricted to facilitate presentation. The aerodynamics are presented here for configurations in which the right wing is fixed with µ 1 = µ 2 =0 and the left wing is morphed from -30 deg to 30 deg in both the inboard and outboard.
A set of standard parameters can be computed to directly compare the aerodynamics of symmetric and asymmetric configurations. The variation with angle of attack for lift, shown in Figure 13 , and moment, shown in Figure 14 , can be compared with Figure 9 and Figure 10 , respectively. The clear similarity between the symmetric and asymmetric values indicates some relationship between the configurations can be inferred. In particular, the variation caused by sweeping back a single wing are similar in nature to the variation caused by sweeping back both wings. The magnitude is smaller when sweeping back the single wing so some loss of efficiency is suggested; however, the stability derivatives display the same shape for each situation. The variation of roll moment with roll rate can be compared in Figure 15 with Figure 11 along with variation of yaw moment with angle of sideslip shown in Figure 16 and Figure 12 for asymmetric and symmetric configurations. Again, the variations are similar in nature for each set of configurations suggesting a similarity in flow physics but a loss of efficiency in the effect.
An additional set of aerodynamic parameters are computed for the asymmetric configurations that are null for the symmetric configurations. These parameters, which are shown in Figure 17 , represent the coupling between longitudinal dynamics and lateral-directional dynamics. The data shows that sweeping the left wing causes a dramatic increase in magnitude of these parameters. Such a result is expected since these parameters reflect the asymmetry that increases with sweep. 
FLIGHT DYNAMICS A. Symmetric Configurations
Linearized models of the flight dynamics are computed by relating the aerodynamic coefficients to the standard equations of motion for flight 11 . These linearized models have decoupled states that allow separate analysis of longitudinal dynamics and lateral-directional dynamics. Models are computed for every symmetric configuration in the range of sweep angles to indicate the varied stability properties.
The longitudinal dynamics are stable, as shown in Figure 18 , for the majority of obtainable configurations. Large values of forward sweep for the inboard require a large value of backward sweep for the outboard to maintain stability. The sweep of the outboard section is allowed to decrease as the inboard decreases its forward sweep. Eventually, the vehicle can remain stable despite a small value of forward sweep for the outboard as long as the inboard has a large value of backward sweep.
Figure 18. Number of Unstable Poles of Longitudinal Dynamics for Symmetric Sweep
Stability of the lateral-directional dynamics, as shown in Figure 19 , is achieved for a small set of configurations. The only region of stability corresponds to con gurations with large values of backward sweep of both inboard and outboard. The one unstable pole, shown in Figure 19 , corresponds to a classically defined spiral mode that is commonly found to be unstable with a large time constant. Figure 20 to indicate the number of complex poles. Each pair of poles relates to an oscillatory mode so response characteristics can be directly inferred. In this case, the vehicle demonstrates a classical set of phugoid and short-period modes for the majority of configurations including all those with backward sweep of the outboard sections. The phugoid mode is lost as the outboard sections increase in forward sweep until eventually even the short-period mode is lost for large values of forward sweep for the outboard. The introduction of unstable poles, as shown in Figure 18 , is directly related to the loss of both oscillatory modes as shown in Figure 20 . The number of oscillatory poles is shown in Figure 21 is shown to remain constant for all sweep configurations. These poles are associated with a dutch roll mode. As such, the introduction of unstable poles, as noted in Figure 19 , is not caused by a change in mode nature. 
B. Asymmetric Configurations
A set of models that represent the flight dynamics are also computed for the asymmetric configurations. These linearized models do not have longitudinal parameters decoupled from lateral-directional parameters; consequently, the analysis must consider a single coupled system.
The dynamics are unstable, as shown in Figure 22 , for any configuration of asymmetric sweep. The system is shown to have one unstable pole for the majority of configurations and three unstable poles for a small region. The small region is indicated by a large forward sweep of the inboard section and an equal displacement of sweep around the outboard neutral position.
The number of oscillatory modes is presented in Figure 23 to demonstrate some properties of the vehicle motion. In this case, the vehicle has the classical 3 oscillatory modes for most configurations when the outboard has neutral or backward sweep. As the outboard is swept forward of the neutral position, a region of mode swapping is created. This region of forward sweep for the outboard section indicates that a mode is gained or lost strictly depending on the sweep of the inboard section. 
Mode Characterization
The modes of a representative conguration is characterized to demonstrate the coupled motion which results from an asymmmetric sweep of the wings. The con guration is chosen to have a straight wing on the right with no sweep so µ 1 = µ 2 = 0 and a straight wing on the left with backwards sweep so µ 3 = µ 4 = 15 deg. The eigenvalues generated from this configuration, as shown in Table 3 , indicate seven stable poles and one unstable pole which is a distribution expected from Figure 22 The poles in Table 3 indicate two non-oscillatory modes are present. The time constants of these modes, as shown in Table 4 , indicates one mode is a stable convergence and the other is an unstable divergence. The stable convergence is at least two orders of magnitude faster than the unstable divergence.
The flight motion associated with each of these modes is determined by the mode shapes. Such shapes are given in Table 5 to describe the relative value of each state during the response. The convergent term is characterized by mostly roll rate with minor contributions from angle of attack, roll angle and pitch rate. This mode is similar in nature to the classically de ned roll mode. The divergent term is characterized by fully coupled motion in which the roll angle is varying along with primarily the yaw rate, but also the forward velocity. This mode is similar in nature to the classically defined unstable spiral mode. Table 3 also indicates that the flight dynamics have three oscillatory modes. The values of natural frequency and damping are given in Table 6 for each mode. The mode with the lowest natural frequency is unstable while the other modes are stable. The eigenvectors associated with these modes are also complex so the magnitude and phase of each mode shape are used to analyze the relationship between states. The resulting data, given in Table 7 , shows that modes 3 and 5 are primarily dominated by longitudinal motion with only a small coupling to the lateral-directional motion, while mode 4 is the converse. Such motion is not entirely unexpected since even the symmetric configurations has oscillatory modes affecting both the longitudinal and lateral-directional dynamics. As such, the modes are affected by the asymmetry but still mode 3 has properties with some similarity to a short-period mode and mode 5 has some similarity to a phugoid mode while mode 4 has resemblence to a dutch roll mode. 
MISSION EFFECTIVENESS A. Turn Performance
The asymmetric morphing can be utilized to enhance turn characteristics. Consider a mission requiring the aircraft to be trim at a 30 degree, positive bank angle while being held at constant throttle throughout the turn. The associated forward velocity, and therefore turn radius, are directly affected by morphing into assymetric configurations. The actual design space of 4 angles is challenging to visualize so a representative subset of configurations is chosen as given in Table 8 . The turn performance across the design space is determined by trimming the aircraft in an appropriate turn. In this case, the trim must maintain that bank angle of 30 degrees but also have a drag of 1.25 N. This drag is chosen to match the maximum thrust of the vehicle. The model at a morphing configuration is thus found by varying the velocity until the drag matches the required constant. The resulting variations are somewhat expected in that the backward sweep results in less drag and therefore higher velocities than the forward sweep. As such, sweeping the wings aft at constant thrust enables slower velocities and correspondingly lower turn radii as shown in Figure 24 . 
B. Crosswind Rejection
Sensor pointing in urban environments is a prime mission for which micro air vehicles are being developed. Crosswinds, both steady-state wind and time-varying gusts, present a significant challenge to maintaining sensor pointing during flight. The common approach to sensor pointing despite crosswinds is turning into the wind and crabbing downrange to periodically point the sensor; however, such an approach is certainly not optimal due to the lack of continuous coverage by the sensor along the desired line of sight. Asymmetric wing-sweep can enhance the ability to perform sensor pointing in the presence of such crosswinds. In particular, one wing can be swept downwind while one wing is swept upwind. The aircraft has, in a sense, rotated the wings into the wind while the fuselage remains pointed in its original direction. The actual sideslip is measured by the fuselage relative to the airflow and thus remain constant despite the morphing; however, the perpendicular component of the airflow, which directly affects lift, of the wings is obviously altered dramatically as shown in Figure 25 . The angle of sideslip at which the aircraft can trim is an indicator of the amount of crosswind in which the aircraft can maintain sensor pointing. A representative demonstration, shown in Figure 26 , presents the maximum positive values for angle of sideslip at which the aircraft can trim. The wings are constrained in this demonstration such that inboard and outboard angles are identical which limits the degrees of freedom and facilitates presentation. Also, each condition corresponds to the largest angle of sideslip at which the aircraft can trim given deflection limits of ±15 deg for the rudder and elevator along with aileron. The data in Figure. 26 demonstrates that wing sweep is beneficial for sensor pointing. Specifically, a forward -30 deg sweep of the left wing and a backward 30 deg sweep of the right wing allows an angle of sideslip of 44 deg to be maintained. This maximum angle decreases as the left wing decreases its forward sweep and the right wing decreases its backward sweep. The vehicle is eventually unable to trim at any positive angle of sideslip when both wings are swept backward.
FLIGHT TESTING
A qualitative analysis of the flight dynamics and mission capabilities are determined through flight testing. In this case, a set of pilots flew the aircraft on a series of days that were relatively light winds of less than 3 f/s across flat terrain at a takeoff elevation of 61 m. The pilots took the aircraft to an altitude of approximately 150 m then trimmed before performing climbs and coordinated turns along with small doublets to the control surfaces.
The effect of morphing is observed only through symmetric sweep in order to ease the pilot workload. A negative sweep is noted to decrease the lift and induce a pitch-down moment while a positive sweep is noted to decrease the lift and induce a pitch-up moment. The baseline vehicle is similar to previously-flown design and thus had acceptable flight characteristics for the pilot; however, the morphing created definite alterations. The instability associated with a forward sweep is quite pronounced and proves especially challenging for the pilot to maintain control.
Also, loads are observed to alter the flight performance for this thin-winged aircraft. The wings could be visually observed to bend as the loads are increased. Such bending is minor; however, the roll stability is increased and turn performance is decreased as noted by the pilot. Large rudder deflections are necessary to compensate for adverse yaw experienced during these turning maneuvers.
CONCLUSION
This paper investigates the effects of wing sweep on the flight characteristics for a miniature air vehicle. In particular, variations admitted by a multi-joint mechanism are studied using computational vortex lattice methods. Such a mechanism allows independent choice of inboard and outboard for each wing. This vehicle is actually incorporating a biologically-inspired approach that notes the rotations of elbow and wrist by gulls. The associated aerodynamics vary in both force and moment and the wing sweep ranges across symmetric and asymmetric configurations. Computationally, the resulting flight dynamics demonstrate the symmetric sweep is beneficial to reducing turn radius and the asymmetric sweep is beneficial to maintain sensor pointing despite crosswinds; consequently, the biomimetic design has enhanced mission effectiveness for this class of vehicles.
